Experimental measurements in laboratory-scale turbulent burners with well-controlled boundary and flow configurations can provide valuable data for validating models of turbulence-chemistry interactions applicable to the design and analysis of practical combustors. This paper reports on the design of two canonical nonpremixed turbulent jet burners for use with undiluted gaseous and liquid hydrocarbon fuels, respectively. Previous burners of this type have only been developed for fuels composed of H 2 , CO, and/or methane, often with substantial dilution. While both new burners are composed of concentric tubes with annular pilot flames, the liquid-fuel burner has an additional fuel vaporization step and an electrically heated fuel vapor delivery system. The performance of these burners is demonstrated by interrogating four ethylene flames and one flame fueled by a simple JP-8 surrogate. Through visual observation, it is found that the visible flame lengths show good agreement with standard empirical correlations. Rayleigh line imaging demonstrates that the pilot flame provides a spatially homogeneous flow of hot products along the edge of the fuel jet. Planar imaging of OH laser-induced fluorescence reveals a lack of local flame extinction in the high-strain near-burner region for fuel jet Reynolds numbers (Re) less than 20 000, and increasingly common extinction events for higher jet velocities. Planar imaging of soot laser-induced incandescence shows that the soot layers in these flames are relatively thin and are entrained into vortical flow structures in fuel-rich regions inside of the flame sheet.
Experimental measurements in laboratory-scale turbulent burners with well-controlled boundary and flow configurations can provide valuable data for validating models of turbulence-chemistry interactions applicable to the design and analysis of practical combustors. This paper reports on the design of two canonical nonpremixed turbulent jet burners for use with undiluted gaseous and liquid hydrocarbon fuels, respectively. Previous burners of this type have only been developed for fuels composed of H 2 , CO, and/or methane, often with substantial dilution. While both new burners are composed of concentric tubes with annular pilot flames, the liquid-fuel burner has an additional fuel vaporization step and an electrically heated fuel vapor delivery system. The performance of these burners is demonstrated by interrogating four ethylene flames and one flame fueled by a simple JP-8 surrogate. Through visual observation, it is found that the visible flame lengths show good agreement with standard empirical correlations. Rayleigh line imaging demonstrates that the pilot flame provides a spatially homogeneous flow of hot products along the edge of the fuel jet. Planar imaging of OH laser-induced fluorescence reveals a lack of local flame extinction in the high-strain near-burner region for fuel jet Reynolds numbers (Re) less than 20 000, and increasingly common extinction events for higher jet velocities. Planar imaging of soot laser-induced incandescence shows that the soot layers in these flames are relatively thin and are entrained into vortical flow structures in fuel-rich regions inside of the flame sheet. 
I. INTRODUCTION
Laboratory-scale turbulent burners have been routinely used to study the fundamentals of non-premixed turbulent combustion. In fact, this type of burner has been a workhorse to advance the understanding of turbulent combustion and to improve combustion modeling, particularly through the activities of the International Workshops on Measurement and Computation of Turbulent Nonpremixed Flames (generally referred to as the "TNF Workshops"). 1 Simple jet burners have the advantage of easily characterized inlet flow conditions and can be applied as open flames, facilitating the implementation of laser diagnostic experimental measurements and eliminating both experimental and computational complications arising from bound flows. As compared to simple jet burners, [2] [3] [4] piloted burners, utilizing a premixed "pilot" flame system that surrounds the fuel jet, can sustain stable flames burning a wide variety of fuels and at high jet velocity without experiencing liftoff or blowout. The most well-studied piloted combustor is the "Sydney burner," 5 which has been the subject of extensive experimental [6] [7] [8] [9] and computational [10] [11] [12] investigations. A similar burner is the Delft natural gas burner. 13 Other burners used as model combustors for studying turbulent combustion include the bluff-body combustor 14 and the TECFLAM swirl burner. 15 Designed for their own purposes, these latter two burners add complexity to the flow field and thus provide a more practical combustion environment. However, these burners are either complex in construction or have limited access for optical measurements.
In this paper, we describe the design of two non-premixed jet burners: one for C 2+ gaseous hydrocarbon fuels and the other for higher-C-number, liquid hydrocarbon fuels. Experimental studies of higher-C flames on these new burners allow the continuation of a natural progression from simple to complex fuel chemistry. There have been a number of previous experimental investigations of non-premixed turbulent jet flames of heavier hydrocarbon fuels, notably the acetylene flame studies of Magnussen and co-workers, 16, 17 ethane, ethylene, propane, and acetylene flame studies by Becker and co-workers, [18] [19] [20] [21] propane flame studies by Nishida and Mukohara, 22 acetylene and ethylene flame studies by Kent and co-workers, 23, 24 propane, ethylene and acetylene flame studies by Faeth, Gore, and co-workers, [25] [26] [27] [28] [29] ethylene flames by Flower, 30 propane and ethylene flame studies by Turns and co-workers, [31] [32] [33] [34] [35] ethylene and kerosene flames by Young et al., 36, 37 and ethylene flames by Koylu and co-workers. 38, 39 However, the burners employed in these previous studies were not expressly designed with modeling in mind and suffer from one or more important deficiencies in this regard, such as not providing a conditioned coflow of air, having insufficient fuel tube length to ensure a fully developed turbulent pipe flow profile at the nozzle exit, or having a poorly characterized pilot flame exit flow (in terms of velocity and temperature profile). Previous research has shown that these are important considerations in designing burners and conducting experiments that allow rigorous comparisons with models. 1, 5, 40 The use of a pilot flame at the burner exit is not always required, particularly for fast-reacting fuels such as hydrogen and syngas. However, for hydrocarbon fuels, operation of a jet flame burner at a high enough flow velocity to create fully turbulent flow conditions generally results in a lifted flame (and eventually flame blowoff) in the absence of a pilot flame to anchor the main jet flame. Köhler et al. 41 recently reported soot measurements made on an ethylene jet flame with a Reynolds number of 10 000 that was stabilized on an unpiloted burner. The lack of a pilot flame simplifies specification of the flow and temperature boundary condition at the burner exit plane, but, as shown by Köhler et al., results in a lifted flame, even at a relatively low fuel jet Reynolds number. The presence of a lifted flame minimizes heat transfer back to the burner tube and uncertainty in the true fuel jet exit temperature. However, the flame liftoff height plays an essential role in the extent of fuel partial premixing that occurs and therefore must be accurately modeled to give meaningful downstream predictions. Furthermore, the complexity of the flame stabilization mechanism in lifted turbulent jets presents a challenge to modeling. 42 With the use of heavier, undiluted hydrocarbon fuels, the formation of polycyclic aromatic hydrocarbons (PAH) and soot increases dramatically in non-premixed flames, particularly for practical liquid transportation fuels that contain aromatic species. 43 Soot and PAH pose a challenge to the detailed experimental study of these flames with typical laser diagnostic techniques such as Rayleigh scattering, Raman scattering, and laser-induced fluorescence (LIF). 1, 44, 45 Similarly, accurate modeling of the formation and destruction of PAH and soot in turbulent flames is currently a severe challenge, in and of itself. [46] [47] [48] [49] For this reason, we have chosen to implement piloted burners and focus on intermediate values of fuel jet Reynolds numbers that do not suffer from substantial local extinction, which is challenging to model with even simple, well-understood fuel chemistry. [50] [51] [52] Five flames, using two different fuels, have been chosen as standard flames on these two new burners. Results from preliminary characterization of these flames with visual observation and optical diagnostics are reported here, demonstrating the favorable operational characteristics of the burner design.
II. DESIGN OF COMBUSTORS
This section introduces two piloted non-premixed jet burners used for gaseous and liquid fuels, respectively. The design fuel for the gas burner is pure ethylene, whereas that for the liquid burner is a mixture of m-xylene and n-dodecane (23:77 by liquid volume), which mimics the liquid density, H/C ratio, and sooting propensity of JP-8, 53 an aviation fuel used for military aircraft. While pure fuels have been used in our experiments conducted to-date, the fuel supply lines allow for fuel dilution, for instance, with nitrogen or air.
A. Gas fuel combustor
The gas burner is similar in design to the Sydney burner, 5 which has proven to be conducive to turbulent flame modeling. [10] [11] [12] As shown in Fig. 1 , the burner consists of two concentric tubes, the inner one supplying a high-speed flow of the main fuel and the outer one delivering a low-speed pilot gas mixture. A plate with judiciously designed holes sits in the annulus between the two tubes and near the tube lips, serving as an anchor for pilot flames. The flow rate of the pilot mixture corresponds to 2% of the heat release rate of the main jet, so as to minimize aerodynamic and thermal effects on the main flame while providing a stable ignition source.
When sizing the inner fuel tube, one is bound by several constraints. First, the flame height should be short enough that the vertical translation stage on which the burner resides can move the entire flame through the fixed optical probe volume. The maximum range of vertical translation is about 900 mm, setting the upper limit on the flame length. Second, frequent local extinctions should be avoided, since modeling of extinction and reignition chemistry would otherwise be required, which many combustion models cannot handle. Last, in order to study flames with sufficiently intense turbulence to be valuable to turbulent flame modelers, 1 the flame Reynolds number is targeted to be in the vicinity of 20 000, where the cold-jet Reynolds number is defined as Re = ρU J D/μ, with U J equal to the jet exit velocity, D the jet diameter, and ρ and μ the density and dynamic viscosity of the fuel at the burner exit. The flame height of our piloted non-premixed jet flames is estimated using the relation given in Refs. 54 and 55.
Fr f is the flame Froude number, d * J the moment diameter, and Z ST the stoichiometric mixture fraction; Further explanation can be found in Ref. 55 . This relation, developed from simple jet flames, should also apply to our piloted jet flames, since the relatively small heat release and momentum of the pilot flame is not expected to alter the hydrodynamic and thermal structures of the main jet. Figure 2 shows the estimated ethylene flame length for Re = 15 000, 20 000, and 25 000.
The occurrence of local extinction correlates with the global strain rate of the flow: the higher the strain rate, the more likely local extinction events will occur, ultimately leading to flame liftoff and then blowout. Strain rate is hard to quantify in jets, as it varies with location. Nevertheless, a rough scaling relation for strain rate, S, may be evaluated as,
where δ FWHM is the jet full-width at half maximum defined from the velocity profile, z is the vertical location within the jet, U C is the jet centerline velocity, and the effect of virtual origin is intentionally neglected for far-field locations. On the basis of Eq. (2), comparison of extinction tendency among jet flames only requires assessing U J /D. Preliminary experiments using an existing, crudely-made piloted jet burner with D = 3.8 mm suggested that frequent extinction starts to occur at Re = 30 000, which sets the upper limit for U J /D as 1.8 × 10 4 s −1 . Figure 2 plots U J /D for Re = 15 000, 20 000, and 25 000. Figure 2 indicates the allowed range for the inner tube diameter satisfying all three constraints. For instance, if Re Table I. = 20 000 is the target, the inner jet diameter is limited from 3.1 to 3.8 mm. For our burner, this jet diameter (inner diameter, or ID) was chosen to be 3.2 mm, in order to keep the flame height relatively short. Note that, if a smaller Reynolds number is targeted, such as 15 000, a much wider range of the inner jet diameter is allowed.
A critical aspect of designing laboratory burners for producing data that can be compared to numerical models is to control and/or accurately measure the boundary conditions for the burner so that they are well known and can be suitably modeled. 1 For jet flame burners, the velocity profile of the gas jet at the burner exit plane is a critically important variable. For this reason, for our burner the length of the inner tube is about 540 mm, nearly 170 jet diameters, which assures a fully developed turbulent pipe flow profile at the jet exit.
The outer tube has an ID of 15.2 mm and an OD of 19.1 mm. Situated between the two tubes, the pilot plate has three concentric rows of evenly distributed holes, as shown in Fig. 1(b) . The size, number, and spacing between holes are deliberately chosen such that the pilot flames produce a uniform flow rate of flame products across the pilot flame annulus at the burner exit plane. Assuming that the mean reactant gas velocity is the same for all holes, this requirement translates to having uniform porosity (the percentage of hole area) in the four rings, as defined by the circles of hole centers and the two tube walls (Fig. 3) . Table I tabulates the dimensions of the pilot plate. Note that the porosities of the innermost and outermost rings (Rings 1 and 4) are smaller than the others, because a greater distance between the holes and corresponding tube walls is required to avoid flame quenching along the walls of the annulus. Such design of the pilot plate using uniform porosity, different from the previous Sydney burner, 5 is believed to be advantageous in creating an evenly distributed temperature boundary. The pilot plate is recessed from the tube lip by 3.2 mm. Figure 1(c) shows the base of a turbulent ethylene flame, with pilot flames appearing as small blue cones surrounding the main jet. The whole burner is constructed from smooth-bore seamless stainless steel 304 tubing. The burner tip is not tapered to a "knife edge," as are some other jet burners. 2, 5 This decision not to taper the tubing was made to simplify the attachment of the pilot flame plate, to reduce ambiguities of the actual flow geometry and velocity profile at the burner exit, to keep the burner exit plane relatively sturdy and immune from damage, and to simplify the meshing at the burner exit plane for numerical modeling. Tapering has been argued for on the basis of reducing the generation of vortices during fluid dynamic mixing of parallel flow streams at different velocities and thereby potentially reducing flame stability. In our experience with the current burner design, however, the jet flames were found to be very stable up to high burner jet Reynolds numbers.
B. Liquid fuel combustor
The liquid-fuel burner is designed using a slightly different approach than the gas-fuel burner. To avoid the complications of modeling liquid sprays and droplet evaporation within turbulent spray flames, 56 which is still an active area of research, the fuel is pre-vaporized before being fed into a piloted jet burner to establish a fuel vapor jet flame. through a flexible hose. The hose, the burner fuel tube, and all fittings are electrically heated to prevent any condensation of the fuel vapor.
This vapor production scheme offers several advantages, as compared to direct boiling or using a heated porous plug. First, fine atomization of fuel followed by immediate evaporation avoids differential evaporation of fuel components with disparate boiling points (i.e., fuel distillation), as typically occurs in direct boiling vaporizers. For instance, for the JP-8 surrogate used in our study, the two components, m-xylene and n-dodecane, have boiling points of 139
• C and 216
• C, respectively. During experiments, the heaters, whose output is controlled by temperature controllers (I series, OMEGA Engineering), maintain the vaporizer at 300
• C in order to flash vaporize both fuel components. An analysis of the re-condensed vapor using a mass spectrometer verified that the vapor composition is unchanged from its liquid form and also indicated there was no thermal decomposition of the fuel components at this temperature. Second, the fuel flow rate can be conveniently controlled. For a given nozzle geometry, the flow rate through the nozzle solely depends on the supply pressure. Therefore, the vapor flow rate can be changed by modifying the pump output pressure, as long as the heating power of electric heaters can provide sufficient heating. Calibration of the vapor flow rate is performed by routing the generated vapor through a water-cooled Graham condenser and measuring the condensed liquid volume at room temperature. This calibration method has an estimated uncertainty of 1%.
Since fuel flow rate is related to the pump output pressure, steady operation of the burner requires that fluctuations in pump pressure be minimized. This is achieved by installing a pulsation dampener (Sentry, Blacoh Fluid Control) just downstream of the pump (Fig. 4) . Monitored by a pressure transducer (100 series, TESCOM), the nozzle atomization pressure is stabilized within 1%, which results in less than 1% variation in the fuel supply rate for a given operational setpoint.
The liquid fuel jet burner is designed using a similar concept as its gas-fuel counterpart, except that an electric cable heater coils around the inner fuel tube to maintain the fuel vapor above its condensation point. Sizing of the inner tube follows the same procedure as in the gas-fuel burner. Flame height calculations using Eq. (1) are shown in Fig. 6 for Re = 15 000, 20 000 and 25 000 with the JP-8 surrogate. Note that flames burning aromatic-containing fuels such as the JP-8 surrogate are strongly sooting and hence radiating. For Fr f less than 2, which is the case for most examined conditions, the impact of radiation heat loss on flame length can be approximated as 54, 55 L f ∝ Fr
where T f is the characteristic temperature rise due to combustion and can be taken as the temperature difference between a flame and its environment,
where T f,ad is the adiabatic flame temperature rise, and X C and X R are the combustion efficiency (nearly equal to 1) and radiant fraction, respectively. According to Eqs. (3) and (4), a radiant fraction of 40%, as estimated for JP-8 flames, would lead to an 11% increase in flame length (Fig. 6) . Therefore, an acceptable maximum flame length of 900 mm sets the upper bound for the inner tube ID as 2.8 mm for a target Re of 20 000.
In estimating flame height and Reynolds number, the density and viscosity of the fuel vapor are needed. Since these properties for our JP-8 surrogate are not available in the literature, their calculations deserve a few notes. As the vapor temperature at the jet exit is at least 80
• C above the boiling point of each constituent, the vapor is expected to behave close to an ideal gas. Hence, the density of the JP-8 vapor mixture is assumed to follow the ideal gas law,
where P is the pressure, T is the temperature, R is the universal gas constant, and MW mix is the molecular weight of the mixture. The viscosity of this two-component mixture is calculated from the well-known Wilke's relation, 57 μ
where μ i is the viscosity of component i, x i is the corresponding mole fraction, and the dimensionless constant φ i j is de- fined as
where i = 1,2 indicate m-xylene and n-dodecane, respectively, with properties taken from Ref. 58 . Table II tabulates the calculated properties. Assessment of the strain-rate requirement would put a lower bound on the inner tube ID, as previously explained for the gas-fuel burner. However, as there was no available data to establish the criterion for frequent extinctions of the JP-8 surrogate jet flames before the burner was built, this lower tube diameter bound could not be estimated. Knowing that for a given Reynolds number a smaller jet diameter produces higher U J /D and hence more extinction-prone flames, we chose 2.5 mm for the ID of the inner jet. The corresponding OD and burner length are 4.0 mm and 538 mm, respectively.
The outer tube has the identical dimensions as for the gas-fuel burner. The pilot plate is designed along the same principle as for the gas-fuel burner and has the specifications listed in Table I .
C. Choice of flames and operating conditions
During experiments, the jet burners are mounted on top of a vertical wind tunnel that provides uniform co-flowing air at a low velocity (Fig. 1(c) ). The coflow screens out disturbances from room ventilation and establishes a consistent boundary condition for matching experiments with models. The whole burner assembly is mounted on a motorized, 3-axis traverse system, which moves the burner relative to fixed laser beam positions to change the measurement location.
Five flames were identified as canonical flames for detailed experimental investigations, as shown in Table III 2% of the heat release rate of the main fuel jet. Detailed flow parameters are listed in Table III . Note that these flames with Fr f ranging between 1.0 and 2.4 fall in the transitional regime, where both buoyancy and jet momentum are important. 54 Visible flame heights estimated from Eq. (1) generally match measured values well, confirming the validity of using this relation.
III. PRELIMINARY CHARACTERIZATION
The open flame configuration permits convenient access for both optical and probe-based measurements. The five canonical flames were characterized with qualitative methods, including direct photography, OH LIF planar imaging and soot LII planar imaging. In addition, measurements of the burner lip temperature boundary with line Rayleigh imaging are presented for ethylene flames. Much can be learned from these preliminary measurements, such as the flame size, the frequency of occurrence of local extinction, and soot behavior.
A. Visual observation
In general, a sooty jet flame has a blue soot-free region near the nozzle (Fig. 1(c) ) followed by a soot-laden region downstream. Soot produced in the flame is either consumed or escapes from the flame as smoke. The length of the sootfree region depends on the fuel, the fuel jet diameter, and the fuel jet velocity. Figure 7 presents fast-shutter photos of the four ethylene jet flames. With the 1/1600 s exposure time, the soot-free region is nearly invisible and the sooty regions appear orange, from the broad-band soot radiation. An increase in jet velocity pushes the sooty edge (the bottom edge of the soot-containing region) downstream. The photographs of the flames also show a progression in flame wrinkling with increasing jet Re. The flame with a Reynolds number of 10 000 shows smooth, large-scale vortex rollup, particularly as the distance from the nozzle increases (and buoyancy effects become relatively stronger). For flames with higher Re, the luminous flame front shows more intense wrinkling and smaller characteristic flame structures, reflecting a more turbulent flow field. The flame also broadens radially with the increase in Re, reflecting the increased rate of mixing between the fuel jet and the air coflow.
Since the JP-8 flame uses a burner with a smaller fuel tube diameter than the ethylene flames, there is limited value in comparing these flames. Instead, we can compare the JP-8 flame to an ethylene flame established on the same (liquidfuel) burner with the same fuel jet Re (20 000). As shown in this region. Furthermore, the JP-8 flame photograph shows a consistent orange glow, in contrast to the bright, white sooty region of the ethylene flame. Direct visual observation of the two flames revealed the same general trend, but not nearly as pronounced as suggested in the photographs in Fig. 8 . Therefore, we believe the actual difference in flame color was exaggerated by the use of an automatic aperture setting in taking the photographs. In part, the difference in flame color reflects different characteristic soot temperatures within the flames. The JP-8 flame, because it forms soot earlier and at higher concentrations, has more radiation heat loss, resulting in lower soot temperatures. It should also be pointed that, while the ethylene flame appears to be nearly non-smoking, a significant amount of smoke is observed to be emitted from the JP-8 flame.
B. Temperature boundary
The burner exit plane temperature boundary condition was measured with line Rayleigh imaging. To perform these measurements, a 532 nm frequency-doubled YAG laser beam was passed 5 mm above the burner lip (to minimize laser scattering interference off of the burner surface) and the resultant Rayleigh signal was collected by a CCD camera (PIXIS, Princeton Instruments). At constant pressure, the Rayleigh signal (S Ray ) can be converted to temperature (T) according to
where C is the calibration constant and σ is the Rayleigh cross section of the local gas mixture. For general application to flames, the use of Rayleigh scattering to determine T requires simultaneous knowledge of the Rayleigh cross section of the local gas mixture, which often calls for combined RayleighRaman-LIF measurements with a sophisticated setup and cannot be applied to flame regions containing soot or PAH. 4 Fortunately, the Rayleigh cross section of the equilibrium products of the pilot flame mixture (σ pilot ) is found to be close to that of air (σ air ),
Thus, by assuming a uniform Rayleigh cross section outside the flame boundary with the value of σ pilot , we calculated the temperature profile outside the flame boundary, as shown in Fig. 9 . Note that, according to Eqs. (8) and (9), such a simplifying assumption leads to no more than 14% overprediction of temperature near the outer edge of the pilot flame annulus, where the gas composition is expected to be dominated by air. The flame boundary mentioned above is determined as the location with the weakest signal, according to Eq. (8) (i.e., for a given Rayleigh cross section the Rayleigh signal is inversely proportional to temperature).
As shown in Fig. 9 , the pilot burner successfully produces a flat temperature boundary (and therefore presumably a flat velocity profile) for all of the different pilot flow rates corresponding to different ethylene flames (recall that the pilot flow rate is set to correspond to 2% of the heat release of the main jet). In particular, all the flames except Re = 10 000 have a similar temperature profile outside the flame boundary. The anomalous profile for Re = 10 000 probably results from the inaccurate operation of a mass flow controller for the pilot flame, because the pilot flow rate for this condition was near the lower limit of the flow controller. The temperature profile within the flame boundary could not be deduced from the Rayleigh scattering signals because of uncertainties over the local Rayleigh scattering cross section of the chemical species mix in this region. A similar measurement of the temperature boundary was not performed for the JP-8 flame, but the nearly identical design of the pilot plate for this burner as for the gas burner is expected to give equivalent temperature profiles at the burner exit plane.
C. OH LIF imaging
As OH is an important flame marker, planar imaging of OH is an effective method of capturing extinction events, which appear as breaks within otherwise continuous OH layers. To perform these measurements, a UV laser beam at 283.55 nm was generated from the frequency doubled output of a YAG-pumped dye laser. The beam was shaped into a laser sheet with sheet-forming optics and subsequently intersected the flame on an axial plane, exciting OH radicals. The OH fluorescence was detected by an intensified CCD camera (ICCD-MAX, Princeton Instruments) operating with a 100 ns exposure time using a 105-mm focal length, f/4.5 UV Nikkor lens and a band-pass filter set that transmits 304-320 nm. This OH detection scheme provides good discrimination against flame emission, laser scattering and fluorescence from polycyclic aromatics, but accepts fluorescence from single and doublering aromatics. 59 Figure 10 shows false-color OH LIF images centered about 24 jet diameters downstream, where strong strain coupled with diminishing influence of the pilot flame results in the highest probability of local flame extinction. For ethylene flames with a Reynolds number of 15 000 or less, breakup of OH layers rarely occurs ( Fig. 10(a) ). Breaks in the OH layers are occasionally apparent in the ethylene flame with a Re of 20 000 (Fig. 10(b) ), and become a frequent feature when the flame Re reaches 25 000 and above (Fig. 10(c) ), suggesting frequent local extinction followed by reignition downstream. Flames remain attached to the burner lip until the fuel jet Re is increased beyond 35 000, when extinction becomes so severe that the flame is partially attached or lifted off from the burner. Clearly, this relationship between the flame Reynolds number and extinction frequency is consistent with our prediction based on U J /D as shown in Fig. 2 . It is also noted that, with the increase in Re, the OH layers at this height change from smooth sheets (Fig. 8(a) ) to rugged and kinked structures (Figs. 10(b) and 10(c) ), indicating the enhanced interactions between turbulence and the flame zone. 
D. Soot LII imaging
Soot is detected with LII 60, 61 using an infrared laser sheet at 1064 nm generated from the fundamental output of a pulsed Nd:YAG laser. The laser sheet passes through the jet axis and momentarily heats the soot particles to their evaporation temperature (>4000 K). The resultant thermal radiation from heated soot particles, when collected with an ICCD camera (PI-MAX, Princeton Instruments) and short exposure time (50 ns), dwarfs flame chemiluminescence and indicates the location of soot layers. While the quantitative measurement of soot concentration is possible with this technique, it is beyond the scope of this paper. Although soot forms earlier and has greater concentrations in the JP-8 flame as compared to the four ethylene flames, images of soot-containing regions in these flames are qualitatively similar. Figure 11 shows a sample snapshot of soot in the ethylene flame with a Re of 20 000. Evidently, soot is present in multiple discrete layers within the flame sheet, in sharp contrast to the OH, which is present in a single outer layer at the flame sheet in the same flame. Sooty structures show vortex-like curvature, because of the small diffusivity of soot and its persistent nature, until passing into an active oxidation zone. 62 Both quantitative measurements of soot concentrations and particle size and qualitative measurements of soot layer characteristics in these flames (as shown in Fig. 11 ) can, together with the measurement of other flame parameters, provide important data for the development and validation of turbulent non-premixed flame models for sooting fuels. The initial measurements reported in this paper show that the burner designs that have been developed for this purpose can successfully produce the requisite flame stability and well-known boundary conditions required for accurate modeling of such flame systems.
IV. CONCLUSIONS
In this paper, we report on the design of two nonpremixed jet burners for establishing robust turbulent flames for hydrocarbon fuels of C 2+ , one using gaseous fuel and the other using higher-C liquid fuel. Both burners use coannular pilot flames to stabilize the main flame, even at high jet velocities. Supplied with ethylene, the gas-fuel burner can support stable, attached flames with a fuel jet Reynolds number surpassing 30 000. The liquid-fuel burner pre-vaporizes the fuel before combustion and has been successfully demonstrated for a JP-8 surrogate.
Four ethylene jet flames and one JP-8 flame were chosen as canonical flames for experimental investigation. It is found that the flame length of these piloted jet flames can be satisfactorily predicted by a correlation previously developed for simple jet flames, when radiation loss is properly accounted for. The burner exit plane temperature profile was measured for the four ethylene flames using line Rayleigh imaging. Imaging of OH suggests the ethylene flame does not experience significant local extinctions until the flame Reynolds number reaches 25 000, and the JP-8 flame with a Re of 20 000 behaves similarly to ethylene jet flames with lower Re. Soot in all the flames is qualitatively similar and is present as multiple curved layers within the boundary of the flame sheet.
These two burners hold great promise as model combustors for studying the non-premixed combustion of C 2+ hydrocarbon fuels in turbulent environments. Their open configuration provides easy access for experimental measurements, particularly, optical diagnostics. Their simple geometry, well-defined boundary conditions, and single-phase characteristic all lend convenience to numerical modeling.
